Efficient processing of our complex visual environment is essential and many daily visual tasks rely on accurate and fast object recognition. It is therefore important to evaluate how object recognition performance evolves during the course of adulthood. Surprisingly, this ability has not yet been investigated in the aged population, although several neuroimaging studies have reported altered activity in high-level visual ventral regions when elderly subjects process natural stimuli. In the present study, color photographs of various objects embedded in contextual scenes were used to assess object categorization performance in 97 participants aged from 20 to 91. Objects were either animals or pieces of furniture, embedded in either congruent or incongruent contexts. In every age group, subjects showed reduced categorization performance, both in terms of accuracy and speed, when objects were seen in incongruent vs. congruent contexts. In subjects over 60 years old, object categorization was greatly slowed down when compared to young and middle-aged subjects. Moreover, subjects over 75 years old evidenced a significant decrease in categorization accuracy when objects were seen in incongruent contexts. This indicates that incongruence of the scene may be particularly disturbing in late adulthood, therefore impairing object recognition. Our results suggest that daily visual processing of complex natural environments may be less efficient with age, which might impact performance in everyday visual tasks.
Introduction
Aging has long been known to affect visual perception (Weale, 1975) . So far, most research has focused on low-level visual deficits in aging (for review see Owsley, 2011; Sekuler, Hutman, & Owsley, 1980; Werner, Peterzell, & Scheetz, 1990) , with age-related alterations reported for acuity (Pitts, 1982; Weale, 1975) , color perception (Hardy et al., 2005) , dark adaptation (Jackson, Owsley, & McGwin, 1999) , motion perception (Sekuler, Hutman, & Owsley, 1980; Wojciechowski, Trick, & Steinman, 1995) , and contrast sensitivity (McKendrick et al., 2007; Owsley, Sekuler, & Siemsen, 1983) . These low-level deficits may impact detection or recognition of natural stimuli encountered in daily life, such as faces, objects or scenes. For example, alterations in the processing of stimuli such as facial identity and emotional facial expressions have been shown from the age of 50 years old and increasing after 70 (Bartlett & Fulton, 1991; Boutet & Faubert, 2006; Crook & Larrabee, 1992; Daniel & Bentin, 2010; Grady, 2002; Isaacowitz et al., 2007) . On the other hand, old age performance in face perception may depend upon more integrated high-level processes (Anstey et al., 2002) . Moreover, in daily life, objects of interest are not shown in isolation, but embedded in rich visual backgrounds. The present life-span study aimed to investigate whether and how performance in recognition of natural common objects presented in contextual scenes is affected during the course of adulthood.
Studies in young subjects have shown that the human visual system is extremely fast and efficient at detecting and categorizing objects presented in their natural context (Fabre- Thorpe et al., 2001; Rousselet, Mace, & Fabre-Thorpe, 2003; Thorpe, Fize, & Marlot, 1996) . The context can also influence object recognition performance (Biederman, 1972; Biederman, Mezzanotte, & Rabinowitz, 1982; Biederman et al., 1974; Palmer, 1975) . When objects are embedded in a familiar context (e.g. a cow in a field), object recognition is both faster and more accurate than when objects are presented in an incongruent context, in which they are less likely to appear (e.g. a cow in an office) (Davenport, 2007; Fize, Cauchoix, & Fabre-Thorpe, 2011; Joubert et al., 2008) . This influence of context on object recognition relies on the lifelong repetitive experience of the visual system with our visual surrounding world and its efficiency at extracting visual regularities. When faced with environmental scenes as in daily conditions, humans are likely to process simultaneously objects and context in the scene. Both processes may interact early and result in either facilitated (if congruent) or impaired (if incongruent) object recognition.
How is visual object recognition performance affected with age? What is the influence of the surrounding context on object recognition performance? How strong is this influence in elderly relatively to young and middle-aged subjects? Two previous imaging studies have reported age-related changes in activity during shallow encoding or passive viewing (Chee et al., 2006) of pictures of scenes and objects. Elderly subjects evidence reduced selectivity in temporal and occipital areas of the visual ventral pathway, suggesting that fast bottom-up processing of natural stimuli may be less efficient with age . Moreover, whereas the activity of the parahippocampal cortex related to context processing, appears preserved with age, the activity in the lateral occipital region related to object processing shows age-related changes, suggesting altered object processing in elderly subjects (Chee et al., 2006) . Accordingly, parallel bottom-up processing of both object and context in the scene may be deficient in older adults, which may result in impaired contextual binding (Chee et al., 2006) . We hypothesize that, when engaged in rapid categorization of natural objects embedded in contextual scenes, elderly subjects' performance would be impaired when compared to younger subjects. We further hypothesized that the influence of context on object recognition performance would increase with age. On one hand, older subjects may rely on a lifetime-based functional shaping of their visual system by repetitive experience, ensuring optimal processing of familiar (congruent) contextual presentations of objects. On the other hand, incongruent objectcontext associations, which have not been previously experienced and registered in the visual system, may result in deficient contextual binding and impaired object processing. Knowledge of these deficits is crucial because of their possible impact on everyday life. In particular, deficits in recognition of unexpected (incongruent) objects in the environment could have negative implications in daily life, e.g. during vehicle driving.
Materials and methods

Participants
Ninety-seven subjects aged from 20 to 91 were recruited for the study. Four age groups (young, middle-aged, old and very old) were considered as follows:
-group 1 (G1) included 20-to 30-years-old participants (n = 22), -group 2 (G2) included 45-to 55-years-old participants (n = 26), -group 3 (G3) included 60-to 75-years-old participants (n = 23), -group 4 (G4) included participants over 75 years old (n = 26).
Information on subjects is shown in Table 1 . All subjects were free from any neurological disease. They all reported having normal or corrected-to-normal vision. Two visuo-motor tasks were used as preliminary tests to check the subjects' ability to perform the main visual task (see below). The study was approved by the Ethics Committee of Lille, France (CPP no. 09/68 Nord-Ouest IV) and all subjects gave their written informed consent.
Stimuli
Two hundred stimuli (real-life color pictures, 778 Â 518 pixels) were created for the study. Pictures were in 24-bit bitmap format (16 million colors). All stimuli consisted in a target-object embedded in a real-life background. Object pictures were selected from the Hemera Photo Objects library. Objects were either animals (excluding human and common domestic animals, e.g. rabbit, dog, cat, etc.) or pieces of furniture (e.g. sofa, table, dresser, etc.). Background pictures were selected from a large commercial CD-ROM library (Corel Stock Photo Libraries) or from the Internet. Backgrounds were either ''natural'' or ''man-made'' scenes. ''Natural'' scenes included seascapes and landscapes (mountain, desert, beach, iceberg, forest and fields) without any buildings, while ''man-made'' scenes were indoor scenes (room, kitchen, corridor, church, terrace, etc.) without any foreground objects.
To control for low-level visual differences between stimuli due to the use of real-life pictures, fifty sets of 4 images (object pasted in a background context) were created with a home-made software (Fize, Cauchoix, & Fabre-Thorpe, 2011 ) and using the following procedure. Each set of four stimuli was alternatively combining two different backgrounds (natural and man-made) with two different objects (animal and furniture). In each set, care was taken to select natural and man-made backgrounds in the same range of colors, with similar layout and complexity. Also, animal and furniture objects were chosen with comparable colors and shapes. Backgrounds were equalized in luminance and contrast. Object sizes were equalized in number of pixels (i.e. object area). Objects were pasted at identical positions in each of the backgrounds, and respecting rules for interposition, support and size (Biederman, Mezzanotte, & Rabinowitz, 1982) . Progressive transparency (2 pixels wide) was applied on the object contours in order to avoid sharp edges. The 4 images resulted in two congruent object-context associations (an animal in a natural context and a piece of furniture in an indoor man-made context) and two incongruent object-context associations (an animal in an indoor man-made context and a piece of furniture in a natural context) that were finally equalized again in contrast and luminance. Examples of sets of 4 stimuli are shown in Fig. 1 (all sets can be seen at http://cerco.ups-tlse.fr/StimuliSaintAubert/).
Considering all 200 stimuli, mean luminance was of 124.1 ± 0.3 (on a linear scale from 0 (black) to 255 (white)), with a variance of 57.1 ± 0.7. Average object size was rather large (12.7 ± 4.7% of the image) so that stimuli were suitable for older subjects. Object sizes ranged from 1.8°Â 3.6°for the smallest to 10.5°Â 6.4°for the largest. Moreover, the power spectral signatures of the stimulus categories was computed (Torralba & Oliva, 2003) and, consistent with the literature, they revealed classical features for both natural and man-made contexts (Fig. 1) regardless of the object embedded in the contexts. Thus, unlike reported for non-manipulated stimuli (Torralba & Oliva, 2003) , the power spectral signature of the stimuli was dominated by the nature of the context and was not sufficient to perform the object categorization task (Fize, Cauchoix, & Fabre-Thorpe, 2011) . Stimuli were fully representative of daily perception, although carefully controlled in terms of low-level visual features.
Procedure and tasks
The experiment lasted about 45 min and included two preliminary control tasks followed by the main object categorization task. Subjects sat 50 cm from a computer screen (1680 Â 1050 pixel resolution, 60-Hz vertically refresh rate) controlled by a laptop computer. Tasks were involving a two choice categorization task. Stimulus presentation was very short (100 ms) to prevent exploratory eye movements. Subjects had a computer mouse in each of their hands to give responses to the stimuli. They were asked to respond as fast and as accurately as possible. Responses with reaction times over 1200 ms were discarded. Stimulus presentation and subjects' response collection were carried out using software developed by one of the authors (N.B.-M.).
Preliminary tasks
Preliminary tasks aimed to check for subjects' motor, visual and cognitive abilities to achieve the main object categorization task. Moreover, these tasks were used to familiarize subjects with our experimental design. Two tasks were performed by subjects: -Basic color categorization task. This 2-mn task included 40 trials.
Each trial started with a fixation cross that appeared at the center of the screen for 600-1000 ms. Then a 3-cm diameter disk (1.7°of visual angle), either red or green, was flashed at the center of the screen for 100 ms. Subjects were instructed to mouseclick with their right (respectively left) hand if the disk was green (respectively red). A trial lasted 3000 ms.
-Object categorization training task. This second preliminary task lasted 2 mn and included 40 trials. The task had a similar design as the main object categorization task but used a separate set of 40 stimuli. In this training task, stimuli were pictures of objects embedded in real-life contexts, with all object-context associations being congruent, i.e. animals in natural contexts or pieces of furniture in indoor contexts. Subjects were instructed to categorize the object in the scene. In each group of age, half of the subjects had to click with their right (respectively left) hand when an animal (respectively a piece of furniture) was present in the scene. The remaining subjects had the reverse instruction. Each trial started with a fixation cross displayed at the center of the screen for 600-1000 ms, after which a stimulus was flashed for 100 ms. The size of the image was 22 Â 14.5 cm, corresponding to visual angles of 12.4°horizontally and 8.2°verti-cally. Each stimulus was followed by a black screen displayed for a duration ranging 1900-2300 ms, during which subjects' response was collected.
Main object categorization task
The main experiment included 10 blocks of 40 trials, during which each of the 200 stimuli was presented twice. The order of stimulus presentation was randomized for each subject. Subjects had to click with one of their hands to start a 2-mn block when they felt ready for the task. The timing of stimulus presentation and the instructions given to subjects were identical as in the categorization training task. Subjects were asked to respond as fast as possible, and to rely on their first impression even when they were not sure of their answer. Subjects were all naive regarding objectcontext incongruence of half of the stimuli.
Data analysis
For all subjects, accuracy (in % correct) and reaction time (RT) (in ms) were computed for each trial in the 3 different tasks (disk Fig. 1 . Examples of sets of 4 images. In each set, 2 backgrounds (natural and man-made) were combined with 2 objects (animal and furniture), resulting in 2 congruent and 2 incongruent scenes. The right panel of the figure indicates the average power spectral signatures in each of the 4 conditions. color categorization, object categorization training and main task). Any response with latency shorter than 150 ms or longer than 1200 ms after stimulus onset was discarded (less than 0.1% of the responses).
Data obtained from subjects who responded to less than 50% of the stimuli or whose accuracy was below 2 standard deviations (SD) of mean accuracy in any of the preliminary tasks were not considered for further analysis, resulting in the elimination of 5 subjects.
In the main object categorization task, accuracy and mean RT were computed separately for each condition. Accuracy data were transformed using arcsine-root function before analysis (Zar, 1999) . In order to evaluate statistical effects of congruence and object category across the four groups of age, a 4 Â 2 Â 2 repeatedmeasures ANOVA was used, with 3 factors being defined as follows:
-''Age'' factor: a between-subject factor, with 4 levels (group 1, group 2, group 3, group4); -''Congruence'' factor: a within-subject factor, with 2 levels (congruent, incongruent); -''Object category'' factor: a within-subject factor, with 2 levels (animal, furniture).
Post-hoc Tukey tests were used when appropriate to specify significant differences between conditions and groups. Finally, performances between the first 5 and the last 5 blocks were compared using paired t-tests across all subjects to examine possible effects of either training or tiredness on performance.
Results
Out of 97 subjects initially recruited for the experiment, data from 5 subjects were not further considered due to low scores on the preliminary tasks (see Supplementary data 1). They all belonged to G4 (participants over 75 years old). All further data analyses were thus conducted on the remaining 92 subjects.
In these 92 subjects, mean performance in the object categorization training task was computed for each group of age ( Table 1 ). Note that accuracy on this preliminary task, which used congruent stimuli only, was high in older subjects (93.2% in G3, 92% in G4) and that, although a tendency to lower accuracy in older subject was observed, this effect did not reach significance (p = 0.07). This shows that our experimental setup (stimuli, timing, task, etc.) was fully adapted to the elderly population.
In the main object categorization task, which used both congruent and incongruent stimuli, mean accuracy (±SD) across all subjects was of 94.4 ± 4.4%, and mean RT was of 558 ± 87 ms ( Table 2) . Effects of age, object-context congruence and object category on task performance are detailed below.
Effect of age on categorization performance
Across all (congruent and incongruent) trials, accuracy on task was significantly decreased with age (F(3, 88) = 10.5; p < 0.001). More precisely, accuracy in G4 (90.5 ± 6.3%) was significantly reduced when compared with G1 (94.4 ± 3.5%; p < 0.01), G2 (96.0 ± 2.3%; p < 0.001) and G3 (96.2 ± 2.1%; p < 0.001) ( Table 2) .
Considering only congruent trials, categorization accuracy was significantly improved in G2 (97.5 ± 1.6%) and G3 (97.9 ± 1.3%) when compared to G1 (95.2 ± 3.6%) and G4 (93.9 ± 5.1%) (all p < 0.05). Importantly, accuracy scores in G1 and G4 were equivalent for congruent trials (p = 0.53) showing that oldest subjects could easily perform the task regardless of potential low-level visual deficits. Moreover, accuracy in groups G2 and G3 was very high, with small variability within groups (Table 2) . Notably 10 subjects in G2 and 10 subjects in G3 performed above 98%, suggesting an optimal speed-accuracy strategy leading to ceiling effects in some subjects. Considering only incongruent trials, accuracy was significantly reduced in G4 (86.8 ± 9.1%) when compared Table 2 Accuracy and reaction time in the different groups of age for the main object categorization task (on all trials, on congruent and incongruent trial subsets). For each group, the mean, SD, minimal and maximal performance scores are indicated. to G1 (93.5 ± 3.6%, p < 0.001), G2 (94.6 ± 3.4%, p < 0.001) and G3 (94.4 ± 3.4%, p < 0.001).
Mean RT was significantly increased with age (F(3, 88) = 27.9; p < 0.001). Post-hoc Tukey tests showed that mean RT was significantly longer in G4 vs. G1 (622 ± 65 ms vs. 479 ± 63 ms; p < 0.001), and G4 vs. G2 (622 ± 65 ms vs. 522 ± 47 ms; p < 0.001), as well as in G3 vs. G1 (616 ± 77 ms vs. 479 ± 63 ms; p < 0.001) and G3 vs. G2 (616 ± 77 ms vs. 522 ± 47 ms; p < 0.001) ( Table 2) . Longer RTs were found in G3 and G4 even when considering separately congruent and incongruent trials. For congruent trials only, RTs were significantly longer in G3 (603 ± 79 ms) and G4 (609 ± 66 ms) when compared to G1 (472 ± 62 ms) and G2 (511 ± 46 ms) (all p < 0.001). Considering only incongruent trials, a similar increase of RTs was found in G3 (630 ± 77 ms) and G4 (637 ± 65 ms) when compared to G1 (486 ± 64 ms) and G2 (534 ± 48 ms) (all p < 0.001).
Subjects performed 10 blocks of 40 trials. When comparing performance between the first 5 and last 5 blocks, a training effect was found on response speed as mean RT decreased over time for all groups of age (G1: p < 0.001; G2: p < 0.001; G3: p = 0.005; G4: p < 0.001). Regarding accuracy, there was no significant difference over time in groups G1, G2 and G3, while a slight but significant accuracy increase was found in group G4 (block 1-5: 89.7%; block 6-10: 91%; p = 0.03).
Effect of age on the strength of the congruence effect
Considering all subjects, object-context incongruence induced a highly significant drop in object categorization performance, in terms of both accuracy (F(1, 88) = 138.4; p < 0.001) and mean RT (F(1, 88) = 227.5; p < 0.001). Subjects scored 96.2 ± 3.5% correct when the objects were embedded in a congruent context, while they scored 92.5 ± 6.1% when the context was incongruent. Regarding RT, mean response latency increased from 547 ± 86 ms in the congruent condition to 570 ± 89 ms in the incongruent condition (Table 2, Fig. 2) .
The congruence effect was defined as within-subject difference in performance between congruent and incongruent conditions (drop in accuracy and increase in RT), each subject being its own control. Data showed an increase of this congruence effect with age, in terms of both accuracy (F(3, 88) = 5.5; p < 0.002) and mean RT (F(3, 88) = 4.9; p < 0.003) (Fig. 2) . The increase in mean RT due to incongruence stepped up through age from 13 ± 12 ms in G1 to 29 ± 18 ms in G4, and was significantly greater in G3 vs. G1 (p = 0.02) and in G4 vs. G1 (p < 0.01). Similarly, the drop in accuracy due to incongruence increased through age, from 2 ± 1.8% in G1 up to 7 ± 7.3% in G4. Post-hoc Tukey tests showed that this drop was significantly greater in G4 vs. G1 (p < 0.01), G4 vs. G2 (p < 0.01) and G4 vs. G3 (p = 0.02). As mentioned above, ceiling effects on accuracy in response to congruent trials in G2 and G3 may have minimized the congruence effect in these two groups (Fig. 2) . To examine this possibility, the congruence effect (drop in accuracy) was compared between subjects whose accuracy on congruent trials was at ceiling, and subjects where no ceiling effects were observed. The accuracy congruence effect was not significantly different between these groups of subjects (p = 0.15 in G2, p = 0.73 in G3). This indicates that the congruence effect in accuracy was not underestimated in subjects who performed at ceiling in the congruent condition.
Considering the congruence effect at an individual level, 82 out of the 92 subjects showed both a drop of accuracy and an increase in RT, enhancing the consistency of the effect among individuals. Note the high variability of the amplitude of this effect in group G4 subjects (Fig. 3) . For the 10 remaining subjects, the effect observed in 9 individuals could be attributed, at least partially, to a speed-accuracy trade-off. For 5 subjects (two subjects in G1, one in G2, one in G3, and one in G4), stimulus incongruence resulted in an increase in mean RT but associated with a small accuracy improvement. Conversely, for 4 other subjects (3 in G1 and 1 in G3), stimulus incongruence resulted in an accuracy drop but associated with shorter RT means. Finally, one subject from G2 showed an inverse effect with a performance improvement on incongruent scenes (Fig. 3) .
In summary, for about 90% of our subjects, a congruence effect was associating both an increase in mean RT and a drop in accuracy. Moreover the strength of the two effects was shown to increase with age. As aging is also associated with a global increase of mean RT (as mentioned in 3.1.), one hypothesis is that the influence of the context on object categorization could just be strengthened when movements are produced with longer RT. As the motor response is produced later, context processing would have more time to influence object processing and would result in larger performance impairment when incongruent scenes are presented. To discard such hypothesis, we examined within each group of age the correlation between global RT and the amplitude of the congruence effect, in terms of accuracy and RT. We found no correlation of the global mean RT with the drop of accuracy; an inverted correlation was even observed in G2 (p = 0.04, r = À0.4 on Pearson test) (see Supplementary data 2) as longer RTs were correlated with smaller drops of accuracy. The increase of the contextual effect can thus be attributed to differences in the visual processing of natural stimuli with age.
Influence of object category
Global performance and congruence effect were also evaluated separately for each object category. Mean accuracy computed across all subjects regardless of congruence was similar for animal (94.1 ± 5.9%) and furniture trials (94.7 ± 4.2%) (F(1, 88) = 1.37; p = 0.25). This result was also confirmed when examined independently in the four different groups of age (F(3, 88) = 1.24; p = 0.30). On the opposite, mean RTs were significantly longer when categorizing furniture vs. animal objects (565 ± 93 ms vs. 553 ± 84 ms respectively; F(1, 88) = 19.49; p < 0.001). This effect was variable across age groups (F(1, 88) = 6.14; p < 0.001). Post-hoc Tukey tests showed that only subjects from G4 were significantly slower to categorize furniture vs. animal objects (565 ms vs. 533 ms respectively, p < 0.001). No significant difference in RT was observed in the other groups between both object categories.
Differences in performance between congruent and incongruent conditions, i.e. the congruence effect, was significantly larger for furniture than for animal objects when considering both accuracy (4.4 ± 5.2% vs. 3.0 ± 5.2% respectively; F(1, 88) = 8.0; p = 0.006), and mean RT (35 ± 23 ms vs. 11 ± 17 ms respectively; F(1, 88) = 94.5; p < 0.001) (Fig. 4) . The influence of object category on the accuracy congruence effect was seen regardless of age groups (F(3, 88) = 0.53; p = 0.66). On the other hand, regarding mean RT, the congruence effect was differently influenced by object category depending on age groups (F(3, 88) = 9.263, p < 0.001). For furniture objects, all groups of age showed a significant effect of congruence (p < 0.001 for all groups). For animal objects, the congruence effect was significant only in G2 (p = 0.03) and G3 (p < 0.001). In G4, mean RTs for animal objects were equivalent in congruent and incongruent conditions (p = 0.97), and similar with mean RT for furniture objects in congruent context (p = 0.99 and p = 0.51) (Supplementary data 3) .
Discussion
Despite strong temporal constraints, i.e. stimuli were presented during 100 ms and response discarded when reaction time was over 1200 ms, overall performance was extremely good. Accuracy was equivalent in young (20-30), middle-aged (45-55) and old (60-75) subjects. In the oldest group of subjects over 75, the slight drop of accuracy was specifically related to the processing of incongruent stimuli. Regarding speed of categorization, responses for subjects over 60 were produced with longer reaction times relatively to subjects under 55. This was observed for both congruent and incongruent stimuli, but with greater amplitude for incongruent stimuli.
Our results demonstrate a clear slowdown of visual object processing speed after 60 years old, coherent with previous reports (Owsley, 2011) . Since neural propagation speed is reduced with age (Salthouse, 1992) , slowdown of both visual and motor components of our task likely contributed to increased RTs in elderly subjects. Indeed, focusing on the visual component, an age-related increase in latency of visual evoked potentials in response to checkerboard (Justino, Kergoat, & Kergoat, 2001) or sinusoidal grating (Porciatti et al., 1992) patterns, as well as in a face discrimination task (Rousselet et al., 2010) , has been observed. Using short stimulus presentation (53 ms), Rousselet et al. (2010) also showed slower EEG integration time and concluded that older subjects had higher information threshold to reach decision than younger subjects. Moreover, age-related alterations at higher processing levels in the ventral pathway have been reported. Elderly subjects evidence reduced selectivity in high-level visual areas when studying photographs of natural stimuli (Goh, Suzuki, & Park, 2010; Park et al., 2004; Payer et al., 2006) . For instance, in elderly subjects, the ventral region responding to isolated objects also responds to contexts or faces, suggesting that corresponding neural representations may be less distinctive. This neural dedifferentiation occurring with age ) was reflected by a preserved accuracy but increased RTs in a face discrimination task (Goh, Suzuki, & Park, 2010) . In our study, reduced selectivity of high-level ventral areas may contribute to slower object categorization, and neural adaptation mechanisms may support maintenance of task accuracy until late adulthood (Goh, Suzuki, & Park, 2010; Owsley, 2011) . In particular, increased prefrontal activity in elderly vs. young subjects has been reported during various visual tasks (Grady, 2008) , such as comparison of shape sizes (Davis et al., 2008) , perception of textures (Levine et al., 2000) , letter search (Madden, 2007) and face (Grady et al., 1994) or scene (Gutchess et al., 2005) encoding. These findings have been one of the bases for description of the posterior-anterior shift in aging (PASA) model (Davis et al., 2008) . In our object categorization task, additional neural processing may have compensated for less efficient visual processing in the ventral pathway, allowing preservation of accuracy on task in elderly subjects, at least for congruent stimuli.
Although subjects self-reported normal or corrected-to-normal vision, we could question the contribution of eye health and lowlevel visual impairments in the performance observed for the very old group. Although they might have been of interest to further discuss our data, we did not measure visual acuity or other low-level visual abilities, such as contrast sensitivity, that may be altered with age (Owsley, 2011 ). However, low-level visual abilities may not correlate with high-level visual performance, as previously shown in a face recognition task (Anstey et al., 2002) . Moreover, performance in the rapid object categorization task used here is very robust to alteration of visual information. It can be accurately performed at very low contrasts and with large luminance variations (Mace, Thorpe, & Fabre-Thorpe, 2005; Mace et al., 2010) , but also at large visual eccentricities with scores around 90%, 80% and 70% correct at 15°, 45°and 60°eccentricity . Such robustness minimizes concerns about the implication of potential reductions of contrast sensitivity or acuity in older subjects. Moreover, whereas low-level visual deficits might have altered the extraction of global image statistics, the set of stimuli mixing congruent and incongruent stimuli prevent the use of image global statistics to perform the categorization task (Fize, Cauchoix, & Fabre-Thorpe, 2011) . Finally, our data show that accuracy scores on congruent scenes were not significantly affected by age, suggesting that potential differences in low-level vision between groups did not impact categorization of natural scenes.
It might also be argued that occasional errors in response selection or occasional forgetting of what was precisely perceived could be more frequent in very old subjects. However, both explanations could be seen as unlikely. The task used here would be trivial if performed without temporal limits. We are all ''common sense'' experts in recognizing animals from pieces of furniture. The drop of accuracy observed in the incongruent situation cannot be attributed to occasional errors due to aging. Indeed, congruent and incongruent trials are intermixed and in equal proportion within each testing block, so that at the individual level, each subject is its own control and occasional errors due to aging should be observed at the same rate in both conditions. On the other hand, short-term forgetting has been proposed to explain poorer associative learning in old vs. young adults, and has been shown not to affect well-learned associations (Fisk & Warr, 1998) . In our task, participants were neither required to associate object and context nor to remember them, they just had to process visual information to categorize objects regardless of their context of presentation. Short-term forgetting of the foreground object is unlikely even with flashed images (Potter et al., 2002) . Moreover, the temporal constraints of our task did not allow much space for rapid forgetting as responses had to be triggered as fast as possible, resulting in very short reaction time, even in the oldest subjects (mean RT 622 ms). With similar reaction times, young and old subjects show equivalent accuracy when responding to new items in an n-back working memory task (McCabe & Hartman, 2008) . This suggests that age-related impairment for incongruent stimuli is more likely to be due to impaired perceptual processing.
When categorizing objects in incongruent vs. congruent contexts, significant impairment in performance was observed in all age groups. The smaller effect found with the youngest subjects compared to other studies (Fize, Cauchoix, & Fabre-Thorpe, 2011; Joubert et al., 2008) can be explained by the set of stimuli used in our study. Stimuli were adapted in object size and context simplicity to be used in old subjects and the strength of the ''congruence effect'' has been shown to be related with the size of the object in the scene, being maximal with small objects to process (Fize, Cauchoix, & Fabre-Thorpe, 2011) . In these studies, which also used brief stimulus presentation, it was hypothesized that interactions could take place during the bottom-up parallel processing of object and context within the ventral visual pathway. Reinforcement of synaptic connections may occur in anterior regions of the pathway (probably as soon as V4) as a result of repeated co-activations of populations of selective neurons when processing our natural visual environment (Joubert et al., 2008) . Accordingly, congruent object-context associations, already encoded and stored in the visual system (Aminoff, Gronau, & Bar, 2007; Bar & Aminoff, 2003) , would be processed more accurately and faster. Interestingly, incongruence of the stimuli was particularly disturbing for elderly subjects, as suggested by the significant increase of the congruence effect with age. Specific top-down and bottom-up mechanisms could underlie this result.
Presetting top-down mechanisms related to task instructions are very likely used to optimize performance. Although subjects did not initially know about incongruence of half of the scenes, these topdown mechanisms may have been reinforced after several trials in order to inhibit non-pertinent information, i.e. the context. Such inhibitory processes are thought to modulate activity in visual regions depending on task requirements. Modulation is effective on low-level areas of the ventral pathway (Zhang & Luck, 2009) , as well as on high-level areas (Gazzaley et al., 2005) . Accordingly, activity in the posterior parahippocampal cortex, which consistently responds to scene layouts (Epstein & Kanwisher, 1998) , is decreased when subjects have to encode faces presented among distracting scenes (Chadick & Gazzaley, 2011) . Failure to inhibit irrelevant information through top-down modulation of visual areas has been reported in elderly subjects (Gazzaley et al., 2008; Zanto & Gazzaley, 2009; Zanto et al., 2010) and could result from decreased connectivity between frontal and temporal (Bollinger et al., 2010 or occipital regions . Therefore in our object categorization task, elderly subjects may fail to inhibit information from the surrounding context through top-down mechanisms. For incongruent scenes, this would result in an increased difficulty to process the object among disturbing, irrelevant information.
Finally, specific age-related changes in bottom-up visual processing may also contribute to the increased congruence effect. The simultaneous processing of both object and context has been shown to be deficient in elderly subjects passively viewing natural photographs (Chee et al., 2006) . Impaired adaptation response to objects was shown in the lateral occipital region whereas adaptation response to contexts was well preserved in the posterior parahippocampal cortex. Elderly subjects might 'prioritize' context processing relatively to object processing, resulting in deficient object-context binding (Chee et al., 2006) . In our task, the impaired performance of elderly subjects when processing incongruent scenes could be due to a visual processing biased towards contextual information at the expense of object information. On the other hand, the good level of performance of elderly subjects when processing congruent scenes may be due to the strengthening of encoded object-context associations in the parahippocampal cortex through lifetime visual experience (Aminoff, Gronau, & Bar, 2007; Bar & Aminoff, 2003; Goh et al., 2004) . Older subjects could thus rely on visual networks shaped by experience that would facilitate object processing in familiar contextual presentations.
Conclusion
The ability to quickly and accurately recognize objects in our visual environment is critical in everyday life. In particular, the presence of incongruent objects has to be efficiently detected, as it may need rapid and appropriate response, for example when driving a car. For these reasons, possible age-related deficits in object recognition need to be identified, as they may impact everyday function and well-being of elderly people (Owsley, 2011) . In this life-span study, we have shown that object categorization in briefly presented scenes can be achieved until very late adulthood, although performance of elderly subjects is affected in some aspects. First, object recognition speed is slowed down in subjects over 60 years old. Second, object recognition is particularly disturbed when objects are seen in incongruent contexts. We propose that top-down preparation mechanisms and bottom-up visual processes may be less efficient with age, leading to impaired behavior. Future studies are needed to investigate these different neural hypotheses.
